The levels of the two activities remained high during wintering and then the activities increased again in early April, prior to the onset of budding. In the plastid fraction the two activities continued to increase until mid-May. In the living bark, the two activities in the organellar fractions exhibited a tendency to decrease transiently in October; and thereafter they continued to increase until April. In the xylem, the activities of the two enzymes in the organellar fractions reached basal levels by late August or early September. Subsequently, the activity of NADH-Cyt c reductase did not change significantly during the winter, whereas that of Cyt c oxidase exhibited a transient increase from mid-December to early February. These changes in the living bark, xylem and flower buds were correlated with changes in the fine structures of these cells; microsomes, mitochondria and plastids in the wintering cells were more plentiful in midwinter than in summer. These results suggest that the increased activity of the electron-transport chain in winter participates not only in the metabolism required for wintering and growth in spring, but also results in an enhanced flow of electrons via the univalent pathway of reduction of oxygen that produces various species of active oxygen in the non-photosynthetic tissues.
Introduction
The physiological and biological events that take place during the cold acclimation of perennial plants have been the subject of numerous studies. However, peroxide metabolism in perennial plants during the winter has received little attention, even though information about the production and utilization of peroxide may be very relevant to a description of processes of cold acclimation. An increase in activities of enzymes in the pentose phosphate (pentose-P) cycle in poplar twigs during wintering has been reported by Sagisaka (19, 20, 21) , and it has been shown that one of the Received for publication 21 December 1990. functions of the pentose-P cycle is to supply NADPH to meet the demand for detoxification of H2O2 (13, 22, 23) . Subsequently, an intimate correlation between resistance to freezing and the perxide-scavenging systems that require reduced glutathione (GSH) and ascorbate was observed in wintering apple trees (10) . Moreover, an increase in the activities of the enzymes in the peroxidescavenging systems was induced by frost (11) .
High levels of activity of enzymes required for elimination of peroxides suggest that reactions involved in the production of peroxides are taking place. Formation of species of active oxygen, such as superoxide (O2-), hydrogen peroxide (H2O2) and hydroxyl radicals (OH•), is a normal event in the metabolism of oxygen in cells (6, 7 (6, 7) . With respect to the source of active oxygen, the electrontransport chains in chloroplasts (1, 12), mitochondria (4, 8, 16, 18) and microsomes (9, 26) appear to be important. Although proliferation of mitochondria was found to occur soon after breaking of dormancy in midwinter in poplar (25) , little is known at present about the levels of activity of enzymes in the electron-transport chain in organelles of wintering plants.
The purpose of the present study was to examine the ways in which peroxides are generated in wintering apple trees. For this, seasonal changes in the activities of NADH-Cyt c reductase and Cyt c oxidase, enzymes involved in the electrontransport chain in plastids, mitochondria and microsomes, were studied. Ultrastructural changes in cells of living bark, xylem and flower buds were also examined.
Materials
and Methods
Materials and crude enzymes
One-year-old twigs and flower buds on two-yearold twigs of 'McIntosh Red' apple trees, Malus pumila Mill. var. domestics Schneid., were collected from mature trees at the Hokkaido National Agricultural Experiment Station. For the assays of enzymatic activities, samples were collected from June, 1987, through the winter, to May, 1988. Comparable portions of the one-year-old twigs, located from about the middle to two-thirds of the way towards the apex, and flower buds without bud scales were used. Homogenization mixtures contained 0.3 to 0.4 g of living bark or xylem with pith, or 0.2 g of flower buds, 0.3 g of polyclar AT, 0.5 g of sea sand, 1.0 ml of 2% bovine serum albumin and 3.5 ml of a 0.05 M solution of Tris-HC1 (pH 7.8) that contained 0.25 M sucrose and 2 mM dithiothreitol. Grinding of the mixture was carried out in a mortar at 0°C and the homogenate was centrifuged at 300 x g for 10 min. The supernatant was centrifuged at 5,000 x g for 10 min to obtain the plastid fraction, and the mitochondrial fraction was obtained after centrifugation at 12,000 x g for 10 min. The supernatant was further centrifuged at 35,000 x g for 20 min and the microsomal fraction was obtained. The three fractions were suspended separately in 1 ml of 0.05 M Tris-HC1 (pH 7 In mid-June, 3~5 weeks after the onset of growth, the living bark of newly growing shoots exhibited high levels of activity of the two enzymes. In July, as the growth and enlargement of twigs proceeded, the activities of the two enzymes began to decrease, and the activities of NADH-Cyt c reductase and Cyt c oxidase reached minimum levels by early August and early July, respectively. Subsequently, the two activities began to rise and, within a month or two, the activities of NADH-Cyt c reductase and Cyt c oxidase had increased to 3 and from 3 to 6 times the activities exhibited in early August and early July, respectively. The increases in the two activities ceased or the activities exhibited a tendency to decrease transiently in October, in particular in the plastid fraction, and thereafter activities continued to increase until April, or until approximately the time when budding occurred.
2. Profiles of the activities of NADH-Cyt c reductase and Cyt c oxidase in the plastids, mitochondria and microsomes in the xylem Fig. 2 shows the seasonal changes in the activities of NADH-Cyt c reductase and Cyt c oxidase in the three cellular fractions from the xylem. In the cellular fractions, the activities of two enzymes were observed to decrease in the order; microsomes to mitochondria to plastids during the growing stage. The two enzymatic activities exhibited maximum levels in June. In July, the activities of the two enzymes began to decrease, and by late August or early September the activities of these enzymes reached basal levels. During the winter, the activity of NADH-Cyt c reductase did not change significantly, remaining at an appreciable level of 4 to 7, 6 to 10 and 5 to 9 Amol/g DW/hr in the plastid, mitochondrial and microsomal fractions, respectively. By contrast, the activity of Cyt c oxidase began to rise from mid-December, and by early or late February, the activity in the various fractions had increased to 2 to 4 times those in late August. The Cyt c oxidase activity in the microsome fraction, in particular, started to decrease in February and, after budding, the activity in the mitochondria and microsome fractions exhibited a tendency to increase.
3. Profiles of the activities of NADH-Cyt c reductase and Cyt c oxidase in plastids, mitochondria and microsomes from flower buds Fig. 3 shows the seasonal changes in activities of NADH-Cyt c reductase and Cyt c oxidase in the three cellular fractions from the flower buds. The activities of the two enzymes were higher in the microsomal fraction, with lower levels in the mitochondrial and plastid fractions in that order. The activities of the two enzymes increased abruptly in autumn. In early December, the activities of NADH-Cyt c reductase and Cyt c oxidase in the mitochondrial and microsomal fractions increased to about 9 to 11 and 20 to 21 times those observed in August, respectively. The high activities of the two enzymes were maintained during the winter and then the activities tended to increase in April, when development of flower buds proceeded. The two activities in the plastid fraction continued to increase slightly until mid-May. Throughout wintering, the flower buds exhibited higher activities of the two enzymes than the other tissues examined.
Comparison of the activities of NADH-and
NADPH-dependent Cyt c reductase in plastids, mitochondria and microsomes from living bark, xylem and flower buds in midwinter
The activities of NADH-and NADPH-dependent Cyt c reductase in the three cellular fractions from the living bark, xylem and flower buds collected on 29 January are shown in Table 1 . Two types of NADH-CYTOCHROME C REDUCTASE AND CYTOCHROME C OXIDASE
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Cyt c reductase are present in apple trees; one is specific for NADH and the other for NADPH. The Cyt c reductase specific for NADH accounted for the major fraction of the activity in the wintering trees.
Ultrastructure of cells in the living bark, xylem and flower buds in summer and midwinter
Figs. 4 and 5 show the general appearance of cortical cells and of xylem parenchymal cells in twigs collected on 8 August. At this stage, the cells are very highly vacuolated. The cytoplasm and its inclusions, such as plastids without starch granules, mitochondria, rough endoplasmic reticulum and dictyosomes, are confined to a thin layer round the periphery of each cell. On 22 February, the cells in the living bark, xylem and flower buds are occupied by organelles, such as plastids that contain oil droplets, mitochondria and vesicular endoplasmic reticulum (Figs. 6, 7 and 8) . Plastids in the cortical cells and flower-bud cells are almost devoid of starch granules, while in the xylem parenchymal cells, starch granules are present in the plastids. At this stage, the division of mitochondria as a result of constriction is seen (not shown). In the cells of the living bark and xylem, rough endoplasmic reticulum is present near the plastids. In the flower-bud cells, etioplasts that contain lamellar bodies are present, and plastids that are dumbbell-shaped with a constriction are seen frequently.
Discussion
In the present study, we found that the tissues of the living bark and flower buds of wintering apple trees contained high levels of NADH-Cyt c reductase and Cyt c oxidase activities in the plastids, mitochondria and microsomes, and that an increase in these activities occurred in August, as growth and enlargement of twigs ceased. Although the exact mechanism that triggers the increase in the activities of the two enzymes is not clear, the increase in the activities of enzymes in the electron-transport chain during the winter may reflect the high capacity of the cells for metabolic reactions, such as the hydroxylation (9, 15, 17) and desaturation of fatty acids (14) in microsomes, the synthesis of ATP in mitochondria and the synthesis of sucrose and related sugars from starch granules in plastids.
In the xylem, the seasonal changes in the activities of enzymes involved in the electron-transport chain were very different from those in the living bark and flower buds. In August and September, when the activities of NADH-Cyt c reductase and Cyt c oxidase in the living bark started to rise, these activities in the xylem reached basal levels. The activity in xylem of NADH-Cyt c reductase remained essentially unchanged until the spring of the following year, whereas that of Cyt c oxidase exhibited a transient increase from mid-December to early February. It should be noted that appreciable activities of NADH-Cyt c reductase and Fig. 4 . The general appearance of a cortical cell from living bark sampled on 8 August. At this stage, the cells are very highly vacuolated. The cytoplasm and its inclusions, such as plastids (P), which contained no starch granules, mitochondria (M), rough endoplasmic reticulum (ER), and the nucleus (N), are confined to a peripheral layer that lines the cell wall (CW). x 15,000. Cyt c oxidase are present in the xylem tissues during the winter. Therefore, it appears that metabolic processes associated with transport of electrons are operative in the xylem tissues.
The results of our assays of the enzymatic activities are in accord with the ultrastructural features of the cells in summer and midwinter (Figs. 4~8) . Microsomes, mitochondria and plastids in the cells were more numerous in winter than in summer. Furthermore, the proliferation of plastids appeared to occur in February in flower buds. Sagisaka et al. (25) showed that, in midwinter, soon after the breaking of dormancy, proliferation of mitochondria commences in twigs of non-growing poplar and apple trees. The proliferation of organelles in cold-acclimatized cells in midwinter suggests that the cells are actively synthesizing many components in their cytoplasm, as is necessary for the formation of organelles, and that the electrontransport system may also be involved in such reactions.
The elevated activity of enzymes in the electrontransport chain in the living bark and flower buds appears to be related to metabolic requirements during wintering. The electron-transport chain serves as a univalent pathway for reduction of oxygen and production of active oxygen (2, 3, 5), and these reactive intermediates must somehow be disposed of by enzymatic systems (6, 7) . If a mechanism for detoxification of active oxygens does not develop, plants are unable to survive at low temperatures and in winter as a result of oxidative damage. The development of mechanisms by which peroxides are consumed may be a prerequisite for successful acclimation of plants to cold. In fact, we found that, during the winter, perennial plants such as poplar (13) and apple (10) exhibit high levels of activities of enzymes in the peroxidescavenging systems that require GSH and ascorbate and are coupled with the pentose-P cycle.
In spring, a parallel correlation was not found between the activities of enzymes in the electrontransport chain and the activities of enzymes in the peroxide-scavenging systems that are coupled with the pentose-P cycle. From February to April, when the enzymatic activities of the peroxide-scavenging systems that are coupled with the pentose-P cycle are almost constant (10), activities of NADH-Cyt c reductase and Cyt c oxidase tended to increase. However, under usual circumstances, the levels of With respect to cold damage to plants, the relative increase in enzymatic activities related to production and elimination of H2O2 appears to be of primary importance, since oxidative damage to cells has been shown to occur in frozen poplar twigs (23, 24) . Thus, it appears that the coordinate synthesis of the enzymes involved in the pentose-P cycle and in the electron-transport systems of wintering apple trees acts to enhance the trees' 
